ing environments such as aquatic sediments (Jenkins et al., 2003).
broiler litter. In the same study hormone concentrations in surface runoff reached 50 to 2300 ng/g 17␤-estradiol and 10 to 1830 ng/L testosterone. 17␤-estradiol has been E ndogenous hormones of human or animal origin detected in ground water adjacent to fields amended are frequently detected in the environment, includwith poultry litter and cattle manure, in concentrations ing the androgen testosterone and the estrogen 17␤-of 6 to 66 ng/g (Peterson et al., 2000) . estradiol (Ying et al., 2002) . At inappropriately high Given the continued intensification of livestock and concentrations in the environment, androgenic and espoultry production and the widespread urbanization in trogenic hormones are likely to cause endocrine disrupareas proximal to areas of crop production, the pressure tion in wildlife. The potential endocrine disrupting efto accommodate more animal or human waste on agfects of 17␤-estradiol, such as vitellogenin production ricultural land will likely increase. We and others have and feminization of male fish, have been well documented (e.g., Jobling et al., 1998) . Information on the therefore investigated the fate of steroidal hormones in impact of testosterone in the environment is limited, agricultural soils. In the laboratory, both testosterone but aquatic organisms downstream from pulp and paper and 17␤-estradiol are rapidly dissipated with half-lives mills have demonstrated biological responses consistent typically ranging from a few hours to a few days in a with exposure to androgenic substances, including masrange of soils incubated under a range of temperature culinization of female fish (reviewed in Thomas et al., 2002) . and moisture conditions (Lee et al., 2003 ; Casey et al., The chemical origin of the androgenic effect is unclear, , 2004 Colucci et al., 2001; Colucci and Topp, 2002 ; may in part be due to the anaerobic microbial conver- Das et al., 2004; Hanselman et al., 2003; Lorenzen et sion of phytosteroidal compounds to steroidal hormonal al., 2005) . In the present study, we investigated the effect substances including 4-androstene-3,17-dione in reducof manure or biosolids, the materials that can carry the hormones to agricultural soil, on hormone dissipation in soils. These organic matrices, rich in nutrients, organic Parent compounds and transformation products were ana-
MATERIALS AND METHODS
lyzed by reverse phase high performance liquid chromatogra-
Chemicals
phy with UV and radioactivity detection (Model LB509 radioflow detector; Berthold, Bad Wildbad, Germany). Instrument Testosterone and 17␤-estradiol were purchased from Sigmaoperating conditions for analysis of 17␤-estradiol were as folAldrich Canada (Oakville, ON, Canada Methods for hormone receptor gene transcription bioassay were exactly as in Lorenzen et al. (2005) .
Soils and Organic Amendments
Loam (pH of 7.4; 3.2% organic matter; 40% sand, 45% silt,
Soil Microcosms
15% clay), sandy loam (pH of 5.8; 0.8% organic matter; Ͼ90% sand), and silt loam (pH of 6.7; 2.9% organic matter; 32%
The rate of testosterone and 17␤-estradiol mineralization sand, 52% silt, 16% clay) soils used in this study have preand dissipation pathway in soils with or without organic viously been described in Colucci et al. (2001) . Soils were amendment were investigated using microcosm studies as desieved to 2-mm maximum particle size and air-dried to a 7% scribed in Lorenzen et al. (2005) . Microcosms consisted of moisture content immediately before experiments. Sterile soil 50-g portions of soil (moist weight) dispensed in baby-food was prepared by autoclaving twice for 45 min at 120ЊC, the jars incubated in a sealable 1-L Mason jar containing a vial second time following a 24-h room temperature incubation.
with 10 mL of water to maintain moisture and a vial with Experiments were performed using the loam soil, unless other- Table 1. sponding to a radioactivity of 30 000 dpm per gram soil. In Manure and biosolid properties were determined using stanaddition to labeled compounds the soil received 1 mg cold dard methods (A&L Canada Laboratories East, London, ON, testosterone or 17␤-estradiol per kg soil. Finally, 5-mL amendCanada). For some experiments organic amendments were ments (swine manure slurry, biosolids, or water) were added sterilized by autoclaving twice for 20 min at 120ЊC. Soils, per 50 g of soil in microcosms and thoroughly incorporated. manures, and biosolids were stored at 4ЊC before experiments.
Soil moisture contents were normalized to 15% in all treatments by addition of distilled water. Microcosms were incubated in the dark at 30ЊC, unless otherwise indicated. Mason
Analytical Methods
jars were opened regularly (i.e., for soil sampling) and aerobic Liquid scintillation counting (LSC) was used for measuring conditions were maintained in the test system. radioactivity. Each sample received 10 mL of UniverSol scinAll treatments were prepared in triplicate and data are tillation cocktail (ICN, Cosa Mesa, CA) in a plastic scintillation reported as mean Ϯ standard deviation. Soil concentrations vial. Radioactivity was measured using a Model LA 6500 liquid are expressed on a moist soil basis, as moisture content was scintillation counter (Beckman Coulter, Irvine, CA).
held constant during incubations. Extractable radioactivity is calculated as the percentage of the initially added radioactiv- biosolids increased the extractability of radioactive resiRecovery experiments established that the efficiencies of testosterone extraction from unamended and manure-amended dues during the course of the incubation, and both reloam soil were 84 Ϯ 2 and 89 Ϯ 4%, respectively, and the duced the estrogen receptor gene transcription activity extractabilities of 4-androstene-3,17-dione were 84 Ϯ 9 and by about half. In this experiment HPLC-RD fraction-85 Ϯ 6%, respectively. ation of the radioactivity in extracts taken immediately after the start of the incubation revealed estrone to RESULTS contain 23.6 Ϯ 3.8% of the radioactivity in extracts from the unamended soil, 73.6 Ϯ 1.2% in the soil amended When added to a loam soil at 10% (v/w) both swine manure slurry and municipal biosolids suppressed the with biosolids, and 73.4 Ϯ 2.9% in the soil receiving swine manure slurry. Overall, when compared with unamended soils, the addition of either liquid swine slurry or municipal biosolids changed the disposition of the radiolabel during the dissipation of both testosterone and 17␤-estradiol, and both amendments reduced the amount of detectable hormonal activity at the start of the experiment by more than half.
Soils
The effect of swine manure slurry amendment on testosterone dissipation was further evaluated in three agricultural soils differing in texture and chemical properties. In all three soils, the addition of 10% (v/w) manure transiently but significantly inhibited the mineralization of [ 14 C]-testosterone in comparison with unmanured soils (Fig. 2) . The inhibition was particularly marked in the silt loam soil. Testosterone mineralization activity generally recovered to comparable levels in all treatments, and by the end of 6 d of incubation there was no significant difference in the total amount of 14 CO 2 accumulated, with the exception of the sandy loam soil. In this case, 47% of the 14 C was recovered as 14 CO 2 in the manured treatment, in comparison with only 36% in the corresponding unmanured control, indicating enhanced mineralization in manure-amended soil. At the same time that swine manure slurry inhibited testosterone mineralization, it enhanced the recovery of extractable radioactive residues (Fig. 2) . This was particularly noteworthy for the silt loam soil, where, for example, at 48 h of incubation, fully 80% of the initial radioactivity was recovered in the manured treatment, whereas less than 20% was extractable from the corresponding unmanured control. At the end of 6 d of incubation, less than 5% radioactivity was extractable in any of the treatments, except manure-amended silt loam (6.8% extractable).
Manures and Biosolid
Swine manure slurry from different farms varied in other experiments, was consistent with results in Fig. 1 Each point and error bars represent the mean value of three replicate samples and corresponding standard deviation. and 2. Manure II was much more inhibitory to testosterone mineralization, and more potent at promoting the extractability of 14 C residues. Manure IV had no signifiTemperature cant effect on testosterone mineralization and only tranTemperature influenced the kinetics of testosterone siently affected the extractability of 14 C residues. Overall, dissipation, as well as the distribution of transformation the effect of the manures was qualitatively consistent, but products in the loam soil (Fig. 5) . At all temperatures, the magnitude of the effect was quite variable. more 4-androstene-3,17-dione was detected at the start The effect of municipal biosolids on testosterone dissiof the experiment in manured soils than in unmanured pation was concentration dependent (Fig. 4) . Supplemencontrols. The kinetics of dissipation of total 14 C residues, tation with 5 or 10% (v/w) had moderate but comparable loss of testosterone, and distribution of transformation effects. The inhibition of testosterone mineralization products were entirely comparable at 4 and 12ЊC. At was much more dramatic at 20%, and almost complete these cooler temperatures, testosterone was removed at 50%. Likewise, 20 and 50% biosolids increasingly more slowly, and 4-androstene-3,17-dione accumulated and profoundly enhanced the availability of extractable to higher concentrations than at 30ЊC. All three transformation products were more persistent at 4 and 12ЊC residues. 3,17-dione and trace amounts of 1,4-androstadiene-3,17-dione accumulated transiently in unamended soil as well than at 30ЊC. After 24 h, well below 50% of the original as soil amended with sterile or nonsterile manure (Fig. 6 , added [ 14 C]-testosterone was left in all treatments. By Panels A1 and A2). The addition of sterilized manure the end of 96 h of incubation, none of the transformation to nonsterile soil had the same effect on extractability products exceeded 10% of the initial testosterone conand mineralization of 14 C as did the nonsterile manure centration in any of the unmanured soils. In contrast, in (compare Fig. 6 , Panels A1 and B1). However, in conthe manured soils incubated at 4 or 12ЊC, 4-androstenetrast to the effect of nonsterile manure, the conversion 3,17-dione and 5␣-androstan-3,17-dione were both in of testosterone to 4-androstene-3,17-dione was not acexcess of 10% of the initial testosterone concentration.
celerated by sterile manure (compare Fig. 6 , Panels A2 Overall, cooler soil temperatures notably increased the and B2). There was no mineralization of [ 14 C]-testosterpersistence of testosterone transformation products in one in sterile soil regardless of the addition of nonsterile manured soils. manure, and 14 C residues remained fully extractable during the course of the incubation (Fig. 6, Panel C1 ). In
Sterilization Experiments
sterile soil, testosterone was stable until 48 h of incubation, by which time the soil could reasonably be assumed Experiments with combinations of autoclaved soil or autoclaved manure were performed to elucidate the possito have become contaminated with airborne bacteria (Fig. 6, Panel C2 ). When the sterile soil was suppleble role of the microbial population carried in manure on testosterone dissipation in manured soil (Fig. 6 ). As mented with nonsterile manure, however, testosterone was very rapidly converted to 4-androstene-3,17-dione, in previous experiments, the addition of 10% (v/w) nonsterile manure to nonsterile loam soil transiently enwhich following 6 h of incubation represented 80% of the extractable radioactivity (Fig. 6, Panel C2 ). Therehanced extractability of 14 C residues, and inhibited the mineralization of [ 14 C]-testosterone (Fig. 6, Panel A1) .
after, 1,4-androstadiene-3,17-dione and 5␣-androstan-3,17-dione accumulated, although to lower concentraThe addition of the manure promoted the conversion of testosterone to 4-androstene-3,17-dione, at a rate that tions (Fig. 6 , Panel C2). Finally, when both the soil and the manure were sterile, there was no dissipation of was so rapid that it occurred within the few minutes required to add the amendments and obtain and extract the testosterone whatsoever (Fig. 6 , Panels D1 and D2).
Differential sterilization experiments were also used initial soil samples (Fig. 6, Panel A2) . At 6 h, 5␣-androstan- to assess the relative roles of manure and soil microresidues remained fully extractable during the incubation, and there was no detectable mineralization of 14 C organisms in 17␤-estradiol dissipation (Fig. 7) . The addi- (Fig. 7, Panel C1 ). However, 17␤-estradiol was rapidly tion of nonsterile manure to nonsterile loam soil enconverted to estrone in the presence but not the absence hanced the extractability of 14 C residues throughout the of nonsterile manure, and the level of estrone remained incubation (Fig. 7, Panel A1) . Manure promoted the high throughout the incubation (Fig. 7, Panel C2 ). When rapid conversion of 17␤-estradiol to estrone, and esboth the soil and the manure were sterilized 14 C residues trone levels were higher in manure-treated soil throughremained fully extractable during the incubation, and out the incubation (Fig. 7, Panel A2 ). The addition of there was no detectable mineralization of 14 C. There was sterilized manure to nonsterile soil enhanced the exno dissipation of 17␤-estradiol until 48 h of incubation, tractability of 14 C residues (Fig. 7, Panel B1 ), but in probably due to bacterial contamination of the soil durcontrast to the effect of nonsterile manure, the convering the incubation under non-axenic conditions (Fig. 7 , sion of 17␤-estradiol to estrone was not immediately Panels D1 and D2). accelerated by sterile manure (Fig. 7, Panel B2) . However, following 6 h of incubation and thereafter, estrone soils under a range of temperature and moisture regimes wastes can profoundly influence the kinetics and pathways of hormone dissipation under conditions that rea-(e.g., Colucci et al., 2001; Colucci and Topp, 2002; Lorenzen et al., 2005; Casey et al., 2003 Casey et al., , 2004 Lee et al., 2003;  sonably simulate commercial application rates of these materials. Das et al., 2004) . Here, we show that animal or human The height of the total bars corresponds to total extractable radioactivity and the height for each compound is the mean value of three replicate measurements.
Microbial Degradation
fore, 1,4-androstadiene-3,17-dione, which is rapidly formed when manure is applied, could be less bioavailable than Several lines of evidence suggest that microorganisms testosterone, contributing to the lower rate of mineralizacarried in swine manure slurry contribute to the transtion and dissipation in organic amended soils. Overall, formation of testosterone in manured soils. Testosterhowever, in either the presence or the absence of organic one was rapidly converted to 4-androstene-3,17-dione amendment, testosterone is rapidly dissipated in soil, in manured soil (Fig. 6 , Panels A2 and C2). This reaction steroidal transformation products transiently accumualso occurred in unmanured soil, but much more slowly late, and both parent compound and products are dissi- (Fig. 6, Panel A2) . The ability of swine manure slurry pated within a few hours or days over a range of soil to effect this rapid transformation was entirely lost if the conditions (this study; Lorenzen et al., 2005) . material was sterilized by autoclaving before addition to soil (Fig. 6, Panel B2) . When swine manure slurry was added to sterilized soil, all three testosterone metabo-
17␤-Estradiol
lites accumulated to significant concentrations, much 17␤-estradiol was converted to estrone much more higher than in nonsterile soil (Fig. 6, Panel C2) . The rapidly in manured than in unmanured soils, consistent same three transformation products were detected in with the analogous conversion of testosterone to 4-androsnonmanured soil (Lorenzen et al., 2005) . Mineralization tene-3,17-dione. In contrast to testosterone, however, of [ C residues over estradiol mineralization in the absence of manure was time (Fig. 1) . Taken together, these results suggest that very slow and, in comparison with testosterone mineralmicroorganisms carried in swine manure slurry are able ization rates, negligible (Colucci et al., 2001) . Correto convert testosterone to the three steroidal transforsponding to testosterone, differential sterilization expermation products. This suggestion is substantiated in that iments indicate that microorganisms carried in manure the same transformation products are observed when can convert 17␤-estradiol to estrone, and that mineral- The potency of swine manure slurries varied widely isms in the soil are required to completely degrade the with respect to their effect on testosterone transformamolecule. The slower rate of mineralization in manured tion (Fig. 3) . Manure II was the most inhibitory, and soils suggests that the swine manure is inhibitory or Manure IV the most benign. There was no obvious toxic to these organisms. Swine manure slurry can have relationship between potency and manure physical or a significant fumigant effect in soil due to, for example, chemical properties (Table 1) . The most noteworthy volatile fatty acids (Tenuta et al., 2002) . variable properties are the manure dry matter and corresponding organic matter content, which are markedly Bioavailability higher in Manures I and II. As discussed above, a higher Another potential contributing factor to the reduction content of organic matter may result in lower bioavailin mineralization of [ 14 C]-testosterone in the presence ability of testosterone and transformation products due of manure could be enhanced sorption and reduced to stronger sorption, causing a reduced rate of mineralbioavailability due to the additional organic matter added ization. The pH values of the manures also reflect the to the soil. The extraction efficiencies for 1,4-androstarelative effect on testosterone dissipation. However, the diene-3,17-dione and testosterone in the loam soil were loam soil and Manure I both have pH of 7.4 and hence comparable and not affected by the presence of manure, it is not likely that the addition of Manure I would suggesting that the bioavailability of the two compounds change pH in the samples and thereby cause the obshould be comparable. However, in the field the solvent served effects on dissipation. is water and the extractability of compounds using or-
The inhibition of mineralization of [ 14 C]-testosterone ganic solvents may not reflect bioavailability. In several by municipal biosolids was concentration dependent. studies testosterone and 1,4-androstadiene-3,17-dione
The slower testosterone mineralization in loam soil sorption was shown to correlate with the soil content heavily amended with sewage sludge could be due to of organic matter (Lee et al., 2003; Casey et al., 2003, oxygen limitation promoted by high biological oxygen 2004), which would correspond to stronger sorption in demand and restricted gaseous diffusion, or inhibition organic amended soils. Furthermore, 1,4-androstadieneof microbial activity due to toxicity of the biosolids. In 3,17-dione sorption was shown to be stronger than tescomparable experiments, there was a similar relationtosterone sorption, also when the sorption coefficients ship between biosolids concentration and mineralizawere normalized to the organic carbon content of soil, tion of [ring-U-
14
C] 4-nonylphenol in soil (Topp and with average log K oc ϭ 3.34 for testosterone and 3.72 for 1,4-androstadiene-3,17-dione (Lee et al., 2003) . ThereStarratt, 2000).
assay (Lorenzen et al., 2005) . Estrone, the only 17␤-estradiol transformation product detected, has approxiThe effects of swine manure slurry on testosterone mately half the potency of 17␤-estradiol (Colucci and dissipation observed in the loam soil were also qualita- Topp, 2002) . Overall, factors that hasten the transformatively consistent in the sandy loam and silt loam soil tion of testosterone or 17␤-estradiol such as organic (Fig. 2) , except that mineralization was increased by amendment will significantly reduce the androgenic and addition of manure in the sandy loam. The level of estrogenic activity, and therefore risk, following applicamineralization in the unamended sandy loam soil was tion to soil. much lower than all other soils. Likewise, in another study, testosterone was more persistent in sediment with high sand and low organic carbon content, compared CONCLUSIONS with a range of other soils (Lee et al., 2003) . Hence, Biosolids and swine manure slurry hastened the conmanure amendment may enhance testosterone mineralversion of hormones to less active transformation prodization in carbon-deficient soils where conditions for ucts, namely testosterone to 4-androstene-3,17-dione, testosterone degradation are otherwise poor. In the silt 5␣-androstan-3,17-dione, and 1,4-androstadiene-3,17-loam, however, the initial inhibition of testosterone mindione, and 17␤-estradiol to estrone. Biosolids and swine eralization was more pronounced than observed in the manure slurry inhibited the mineralization of [ 14 C]-tesloam soil. The rates of mineralization in the unamended tosterone, and stimulated the mineralization of [ 14 C]-soils were comparable, thus the microbial population in 17␤-estradiol. Differential sterilization experiments sugthe silt loam soil seems to be able to degrade testostergested that swine manure slurry carried microorganisms one. The addition of manure may therefore somehow that converted testosterone and estrone to steroidal transinhibit microorganisms or result in very strong sorption formation products, whereas mineralization of [ 14 C]-testosdue to the combination of elevated levels of organic terone required viable soil microorganisms. Similarly, micarbon and higher surface area in the silt loam, which croorganisms carried in swine manure slurry hastened the were both shown to correlate to testosterone sorption conversion of 17␤-estradiol to estrone in manured soils, (Casey et al., 2004) . However, strong sorption of parent and mineralization of [ 14 C]-17␤-estradiol required soil compound and transformation products was shown not microorganisms. The observed amendment effects were to hinder degradation, as the high rate of degradation qualitatively consistent, but quantitatively variable accan only be reached if compounds are either degraded cording to soil temperature, soil type, amendment conwhile sorbed or rapidly desorbed from the solid phase centration, and particular amendment sample. Under and then degraded in the aqueous phase (Das et al., 2004) . all conditions, hormonal parent compounds and transIn most experiments the microcosms were incubated formation products were completely dissipated within at 30ЊC, but the effects of organic amendment on testosa few days. Overall, swine manure slurry and municipal terone mineralization and extractability were qualitabiosolids, organic matrices that can carry androgenic or tively consistent at lower temperatures (Fig. 5) . Not estrogenic hormones, hastened the conversion of testossurprisingly, the rates of degradation were slower at terone and 17␤-estradiol to less hormonally active tranreduced temperatures, presumably due to reduced misient products in agricultural soil. crobial activity. However, even at 4ЊC testosterone was completely dissipated within 7 d and less than 10% of
